Abstract. Some previous work on arthropod development is insufficiently detailed or incompletely reported. Much of the published information in this area is of limited use for the general analysis of life cycles. These difficulties arise primarily because many experiments do not control fully for the strain of the material (and even its specific identity) nor for rearing conditions, do not ade quately take account of the complexity of life cycles and their stages, or are restricted to only part of the life cycle. For example, 285 such factors as variable numbers of instars, sexual differences, abbreviated or hidden stages and dormancies may mean that the "average durations" reported apply to an unknown mixture of developmental types. Nor are experiments always designed or results reported and analysed in a logical and transparent manner. Undefined terms may obscure what actual developmental intervals were measured. Highly derived developmental or demographic measures may obscure core data. Statistical information may be inade quate. Such pitfalls are reviewed here, suggesting ways to ensure that results on the duration of development are both valid for spe cific studies and more widely useful. General experimental difficulties, recommended background information that should be provided, recommended life-cycle intervals and their terminology, and recommended ways to report numerical and statistical infor mation are briefly summarized in tabular form.
INTRODUCTION
How long does an insect's life cycle and its component stages last? The answer to that question, including how these durations are modified when conditions of tempera ture, food or other factors change, is a key piece of infor mation for understanding the way of life of every species. But the question is surprisingly complex, and this paper examines the difficulties in defining stages, and in securing and expressing data on life-cycle duration. It suggests some procedures to be adopted or avoided for all kinds of studies, based on my overview of how key aspects of insect life cycles can best be summarized (Danks, 1987 (Danks, , 1991 (Danks, , 1992 (Danks, , 1994 .
Some of the conventions adopted to express durations of development during the life cycle differ among indi viduals, groups of scientists, and even journals. In addi tion, much of the information published is inadequate or incomplete, for various reasons. I have cited relatively few specific examples of such inadequacies here, because it is not my intention to embarrass particular authors. Moreover, procedures and summaries depend on the pur pose of a particular experiment, which may have different needs than for the general analysis of life cycles. Never theless, I argue here that data should be presented in ways that enhance their broader value.
This paper aims to present a variety of relevant terms, difficulties and recommendations in one place. I hope thereby to encourage entomologists conducting the hun dreds of studies carried out each year on the duration of insect development to ensure that their results are both valid and widely useful. By this means, they can be built upon to advance knowledge (like all properly published research) and not simply be "one-time" products of lim ited value.
STAGES OF THE LIFE CYCLE
Characteristic stages of the insect life-cycle are shown in Fig. 1 , emphasizing immature stages. Exopterygotes omit the prepupal and pupal stages, of course. These basic stages are patterned in many different ways in different groups, including the omission or abbreviation of par ticular substages. The instars may be very similar to or very different from one another, and may include one or more modified resting stages.
In typical mites (as in tetranychids, for example), the successive immature stages are the egg, larva (usually six legged), protonymph and deutonymph. However, as in insects, different groups of mites have different life-cycle patterns. For example, some species have an additional nymphal stage; in others one or two stages are lost.
Egg stage. After oviposition, the egg hardens and may change colour. Other colour changes, especially darken ing, are visible before hatch. The duration of embryo genesis is correlated with taxonomic placement (Order) (Detlaff, 1996) . Many stages of embryonic development can be recognized by careful examination (Miya, 1965 for chrysomelids; Ingrisch, 1984 for tettigoniids; Gotoh et al., 1994 for mites), and in a more general way from con spicuous features visible externally, such as coloration or eyespot development. If development is delayed it can often be detected from such markers. In several species a resting stage immediately precedes hatch, so that the egg contains a fully formed pharate larva (e.g. Lymantria dispar L.). Hatch itself (exit of the larva from the chorion) usually is relatively rapid, although in some spe cies the first instars remain for some time within struc tures associated with the eggs, such as a gelatinous matrix (e.g. Danks, 1971 for chironomids; Wiggins, 1973 for limnephilid caddisflies).
Larval stage. The major role of larvae in the life cycle is to feed and grow. Consequently, their structural and temporal patterns of development are related largely to the need to survive in particular environments (generally chosen by ovipositing females) and to acquire and use the food resources there.
In many species first instars differ from later instars, especially if they serve for dispersal (as in the planktonic first instars of Chironomidae: Davies, 1976) , host finding (as in parasitoids that penetrate hosts from the host habitat) or protection of the resource from other indi viduals (as in the hyper-metamorphic first instars of many parasitic hymenopterans). Typically, first instars moult relatively rapidly to the second instar, and in some species do not feed [Harvey, 1957 for the tortricid moth Choristoneura fumiferana (Clem.); Strickman et al., 1997 for the pholcid spider Crossopriza lyoni (Blackwall)]. Depending on the group or species and on its particular life cycle, other instars are modified. For example, the pre-adult (second nymphal) instar in several Acaridiae is the hypopus, a modified resting instar.
The number of instars typically is large in apterygotes (e.g. up to 30 in silverfish: Nishizuka et al., 1998) and primitive exopterygotes. Mayflies normally have 15-25 instars, but from as few as 10 to as many as 52 depending on the species (Trost & Berner, 1963; Clifford et al., 1979; Fink, 1980; Brittain, 1982) . There are about 12-24 instars in stoneflies (Vaught & Stewart, 1974; Baumann, 1987) , and 10-15 in dragonflies (Westfall, 1987) . On the other hand, usually there are only five instars in Heteroptera. Advanced endopterygotes typically have only 3-4 instars (many Coleoptera and most Diptera) or 4-7 instars (most Lepidoptera and Hymenoptera). Although in many species, especially of endopterygotes, the number of instars is fixed, in some species the number can vary depending on the conditions of temperature and food experienced. For example, variations in the number of instars are known in spiders (Miyashita, 1997) , ticks (Dautel & Knülle, 1997) , mayflies (Brittain, 1976) , stoneflies (Vaught & Stewart, 1974) , dragonflies (Rivard & Pilon, 1977) , grasshoppers (Kawano & Ando, 1997) , bee tles (Beck, 1971; Gerard & Ruf, 1997) , moths (Neunzig, 1969; Morita & Tojo, 1985; Clare & Singh, 1990; Kamata & Igarashi, 1995) , and other groups. The devel opmental routes of individuals with different numbers of instars are not equivalent, and data on instar durations have to be recorded separately for these different indi viduals.
At any given time, each instar can be in one of three states: active and feeding; inactive and moulting; or inac tive and dormant. Moults can occupy a significant frac tion of the time spent in the larval period, especially at lower temperatures; e.g. 43% of the penultimate instar in the geometrid moth Epirrita autumnata (Borkhausen) and 50% in the chrysomelid beetle Galerucella sagittariae Gyllenhal at 12°C (Ayres & Maclean, 1987) . Moreover, larval moults, pupation and adult eclosion are prevented at low temperatures that are otherwise suitable for growth and development. Dormancies and related responses can greatly prolong life-cycle durations. Many life-cycle programmes are structured by diapauses that suppress larval development in response to environmental cues of various kinds (Danks, 1987) . Beyond such clearly marked develop mental delays, the rate of growth can be modified indi rectly by photoperiod (Danks, 1987, Table 3 ); and simple quiescence can be caused directly by unsuitable food or by conditions that are too cold or too dry (see Delays). The possibility of such interruptions in the life cycle prompts care in developing experimental protocols to measure life-cycle duration.
Once feeding ends, the final-instar larva enters the pre pupal stage (Fig. 1) . A few authors have restricted the use of this term, like the term propupa for Thysanoptera, to a separate preadult instar. The end of feeding can some times be detected by direct observation, although this is often inadequate for rapid checking during experiments. It is also signalled by changes in behaviour or by changes in appearance. For example, fully grown larvae may spin a cocoon, or leave the food to wander in search of a pupa- tion site (Richard et al., 1986) . Prepupae normally have thickened or more conspicuous anterior segments, corre sponding to the thorax of the pupa, which are easily visible in the larvae of Diptera such as Chironomidae, for example. Duration of the prepupal stage, unlike that of the larva that precedes it, does not depend directly on food, but instead may be determined partly by the avail ability of suitable pupation sites as well as by temperature.
Pupal stage. Substages of pupal development can be recognized from selected characters such as leg or wing rudiments, eyespots or other pigmentation, thoracic or abdominal setae, and internal reproductive structures. Colour darkens markedly as eclosion nears. The charac teristic U-shaped respiration curve of pupae shows decreased metabolism after pupation and a larger increase before eclosion (Schneidermann & Williams, 1953) .
The substages of pupal development have not been characterized in most species, although some diapause stages or markers have been documented (e.g. Ohnesorge, 1979; Hackett & Gatehouse, 1982; Kusters & Herrebout, 1989) .
Adult stage. Several relatively easily recognized sub stages of adult life are important for assembling data on the life cycle (Fig. 2) . These substages are generally visible in mites as well as in insects. Only Collembola and other primitive hexapods continue to moult during adult life.
Upon eclosion from the last-instar larva or pupa, the cuticle is still soft, and the adult is teneral. Adults harden very rapidly in some species, but in others the process of sclerotization may take many days, as in dragonflies. In species that chew their way out of a pupal cocoon, mandi bles must harden before this is possible, and therefore "emergence" is delayed for some days after adult eclosion (see Hidden stages).
Information on oviposition is very important for under standing the duration of the life cycle: the life cycle of a typical individual begins when it is deposited as an egg, but determining the corresponding endpoint depends on the temporal pattern in which eggs of the next generation are produced. In most species mating alters preoviposition or oviposition periods or longevity (see Laboratory rearing).
In many species the preoviposition period is longer than the teneral period, the premating period or both, for two reasons. First, substantial ovarian development, often pre ceded or accompanied by adult feeding, may be required. For such species, the supply of adult food helps to deter mine the pattern of oviposition (see also Laboratory rear ing). Second, many species include a period of dispersal early in the life of some or all adults before eggs are developed (see Johnson, 1969; Dingle, 1972 for general information on this "oogenesis-flight syndrome"). In polymorphic species (Zera & Denno, 1997) , the develop mental pathway usually differs between flying and non flying individuals. Long-distance flight takes place before and after reproductive diapause in some species (e.g. Oku, 1983) , and a similar phenomenon on a smaller scale is common in many other insects (Wissinger, 1997) . In such species it may be difficult to assess oviposition responses under laboratory conditions.
To summarize oviposition, its temporal pattern as well as the beginning and end must be described. Normally, more eggs are laid soon after oviposition begins than at the end of the oviposition period. A few species oviposit in two or more separate bouts, such as mosquitoes that mature egg batches after successive meals, and long-lived adults that survive for more than one season (Danks, 1992) .
Some other species, especially those with long-lived adults, survive for some time before they die without depositing any more eggs (Fig. 2) . Such postoviposition adults have been noted in many laboratory studies, and "spent" females have also been reported under field con ditions (e.g. Matalin, 1998) . The fact that some adults sur vive after oviposition ends, and the fact that the distribution of oviposition through the oviposition period is usually skewed, means that the commonly measured intervals of preoviposition period and longevity are inadequate on their own to characterize oviposition.
Omitted or abbreviated stages. Various groups or species have reduced or eliminated some of the character istic life-cycle stages shown in Figs 1 and 2. Such changes may serve to remove or protect vulnerable stages or to accelerate the life cycle. Apart from reduction in the number of instars, one of the commonest changes is reduction of eggs through larviposition or viviparity, as in tachinids, some sarcophagids and aphids. Eggs or larvae or both can be retained in the mother, even resulting in an adult to adult life cycle, as in ovoviviparous pyemotoid mites (Wrensch & Bruce, 1991) . A few parthenogenetic species can produce offspring even before adult eclosion, as in the aphid Schizaphis graminum (Rondani) (Wanjama & Holliday, 1987) , and in some individuals of the black fly Prosimulium ursinum (Edwards) (Carlsson, 1962 as Simulium) . Non-feeding instars also occur com monly (e.g. some first instars as already noted; special ized dormant stages). Adult stages are abbreviated by features such as parthenogenesis (mating is unnecessary), adult eclosion with eggs fully developed (ovarian devel opment is not necessary), and rapid oviposition in a single batch.
The many differences of this sort make it more difficult to compare the durations of different stages and substages among species. Care must be taken not to compare or average statistics for substages that are not equivalent.
Hidden stages. In practice, not all of the moults between successive stages are readily observed, so that statistics on duration are much more difficult to collect. For example, egg hatch cannot be observed directly in gall formers, endoparasitoids and other species that live inside their food resources. The prepupal to pupal change is not visible without special procedures in species that pupate inside robust silken cocoons, or in dense sub strates such as soil. In cyclorrhaphan Diptera, pupation takes place inside the puparium (the rounded off, sclerotized exoskeleton of the third-instar larva) up to a few days after pupariation, and hence normally can be deter mined only by dissection. The pupal to adult change is difficult to observe directly in species that remain quiescent in a pupal cell or relatively robust cocoon after eclosion and while still teneral. "Adult escape" or "emergence" requires up to several days after eclosion in species of chrysomelids, curculionids, and other beetles (e.g. Buckingham & Ben nett, 1981; Jackson & Elliott, 1988; Purcell & Balcuinas, 1994) and in various Hymenoptera (e.g. Danks, 1970, p. 332) . Additional delays occur if the adults subsequently are dormant, as in xylocopine bees of the genus Ceratina (e.g. Maeta et al., 1992) . The post-eclosion interval can be estimated in adults isolated from their cocoons by the fact that meconium normally is discharged when exit from the pupal cell would have occurred.
Sexual differences. In many species rates of develop ment differ between the sexes. Conventional wisdom sug gests that males develop more rapidly because they are smaller or because protandry may be advantageous for mating, whereas females develop more slowly because they are larger or can increase fecundity by further feeding (cf. Danks, 1994) . However, this pattern is by no means the only one (Honek, 1997).
MEASURES OF DURATION
Temporal programmes of development or life-cycle pathways of many species are relatively complex, so that no simple set of universal experiments or measurements can give unambiguous information about substage dura tions in every species. This section briefly provides some context for the choice and recording of intervals, and also considers developmental delays, which complicate assess ments of duration in many species.
Temporal patterns and key measures. Two types of temporal information can be recorded about the life cycle of an individual. First, each individual experiences unique events, such as hatch and pupation, which together delimit larval duration. Second, patterned events may take place within a particular interval, notably the pattern of oviposition within an individual oviposition period (Danks, 1994) , which is "averaged" to delimit the end of the current generation and the start of the next. Such pat terns can be described in part by means of summary sta tistics, but accurate documentation of the pattern is com plex.
Summary data such as the date by which 50% of the eggs are deposited can be obtained either by averaging for the population as a whole (the date on which 50% of the eggs have been deposited by the whole population) or by averaging individual records (the mean of the dates on which each individual has deposited 50% of its eggs). These values are not always the same; the former is nor mally preferable.
Key statistics include the first, 50%, median, and last occurrences. Especially when the temporal pattern is more or less normally distributed (and hence sigmoid in a cumulative plot), valuable information is also provided by the 10% and 90% levels, which correspond closely to the inflections of the sigmoid curve (see Fig. 3 ), and it is fea sible to express such information using marked lines (top part of Fig. 3) , a system originally developed to summa rize emergence patterns (Corbet & Danks, 1973) . This system also allows departures from normality, which are not expressed by mean and variance alone, to be visual ized readily.
The day or interval during which emergence or oviposition is maximal can also be given: oviposition in many species rises to a plateau, is maintained for a period, and then declines, and the oviposition rate during this "peak" period has been regarded as the most informative statistic for demographic analysis (Sabelis & Janssen, 1994) .
How a distribution can best be described depends espe cially on whether it is skewed. Medians (which are less affected by abnormal values) are earlier than means even for common patterns that are mildly skewed with an early peak and a longer tail. Deciding how to summarize bimodal patterns, or multimodal patterns with peaks sepa rated by long intervals, is especially challenging. Statis tics for each peak as well as for the total duration should be offered.
The choice of statistics to summarize these temporal events depends partly on the objectives of the specific work, but individual researchers should also endeavour to express their results so that the data are usable for other purposes. The typical positive skew of temporal distribu tions such as oviposition makes the first part of the distri bution easier to specify than its longer tail. Indeed, the end of the distribution depends on a negative finding (such as no emergence) and hence may be difficult to document. Moreover, generating reliable statistics about the whole, or the later part, of the distribution may be hin dered by accumulating mortality (potentially independent of the pattern of oviposition, for example) and by the need for lengthy studies to ensure that events are com plete. On the other hand, the start of the distribution is very sensitive to sample size, because an earlier start will be recorded from a larger sample (Howe, 1967) . The 50% statistic is of great value for general analyses (such as life-cycle or stage duration as such), whereas the 10% sta tistic (which avoids some of the problems associated with the beginning of the distribution but nonetheless provides a reliable indication of its onset) is likely to be especially valuable in a demographic context. Consequently, graphical overviews (such as Fig. 3 ) are very useful in addition to standard summary statistics.
An additional problem is created if the quality of indi viduals changes during the interval being summarized. Later in the oviposition period there may be reductions in the size or hatching success of eggs (Unnithan & Delobel, 1985; Wasserman & Asami, 1985; Mousseau & Dingle, 1991) , or changes in the sex ratio (Tepedino & Torchio, 1982; Danks, 1983a) , or in the incidence of diapause (Danks, 1987, Table 15 ). Such changes in quality make later individuals not equivalent (in terms of population dynamics for example) to earlier ones. More detailed data, or some measure of potential, may then be more informative than simple data on occurrence: 50% female oviposition rather than 50% oviposition, or 50% of indi viduals that will not enter diapause rather than 50% of individuals, for example. Fortunately, these effects are relatively small in most species and can be disregarded because the simpler measures produced by treating all individuals as equivalent allow easier comparison among species.
Substantial differences in individual development times are relatively common in both field and laboratory, because of genetic variation and the local effects of food and environmental conditions. The average coefficient of variation was about 8 or 9% in analyses made by Honek (1997). Different life-cycle "durations" can be recorded for multivoltine species and for those reared at a range of temperatures; but different substages of the life cycle are affected differently by changed conditions, so that there is no assurance that the key measures used to summarize the substages will retain a fixed relationship to one another in different regimens or at different times of year. For exam ple, one stage of development is likely to be delayed more than another at low or at high temperatures (e.g. Lamb & Gerber, 1985) . Statistics used to compare stage duration have to be collected under equivalent conditions. Most of the results of different authors on the same species are different because there were minor differences in factors such as diet (cf. Lamb et al., 1987) .
A particular problem arises because in many species the population is divided into two or more sets with different characteristics and patterns of variation. For example, the anthomyiid fly Delia radicum (L.) shows complex differ ences among and within populations, with "early emergers" -compared to "late emergers" -showing faster development at the maximum developmental temperature, lower day-degree requirements for emergence, and usu ally no developmental delay at high temperatures (Turnock & Boivin, 1997) . These subsets of the population cannot meaningfully be analysed together.
In any event, more rather than less comprehensive sum maries of temporal patterns should always be provided. In addition, as for all research, statistical treatments of the sample data require that mean, number of individuals, and error terms all are provided explicitly, as discussed under Analysis of results.
Total and component intervals. When data are col lected on the durations of a number of substages (dif ferent larval instars or different life stages), the sum of average durations for each stage may differ from the average for the total interval (larval development, or life cycle). Nearly always, the summed duration is longer (Danks, unpubl. analysis) . Small differences (e.g. 0.1 days) result especially from rounding of the individual means. However, differences between summed and directly averaged durations at some temperatures may be 1 or 2% of the life cycle in some species (e.g. Braman & Yeargan, 1988) or rarely up to 5% (Ellsbury, 1991) . Such divergences probably stem from experimental variation in the individual substages (including sample sizes that are too small to provide robust means), and from the fact that the substage data sets are not normally distributed.
Because the total interval is of most interest in studying the life cycle as a whole, whereas the substage durations are of most interest for answering more specific questions, it is helpful to have both statistics, including the data necessary to assess the pattern of sample varia tion. In addition, data for different routes of development, even for the simplest cases of individuals with different numbers of instars, should be collected and summarized separately, as already noted under Larval stage.
Delays and programmes. Delays in the life cycle, which also change the temporal relationships between stages, stem from four causes: integral parts of develop ment such as the moult (see Larval stage); unsuitable con ditions such as inadequate food; short-term responses to specific stimuli; and programmed developmental controls such as diapause.
The performance of many phytophagous species varies greatly on different foods. For example, in the tortricid moth Epiphyas postvittana (Walker) the effects of food and of temperature on the rate of larval development and size cause subsequent reproductive performance to vary more than fifty-fold (Danthanarayana et al., 1995) . There are many other examples of the effect of food quality on developmental period, oviposition period and longevity, as well as on such things as size, fecundity and sex ratio (e.g. Pachori & Gargav, 1997) . Food quality can depend on food plant species, strain, and condition including freedom from plant pathogens (DeAngelis et al., 1993) . The developmental rates of parasitoids are likewise affected by the nutritional and physiological status of the host (Rivers & Denlinger, 1995) .
In addition to food quality and low temperatures, condi tions that may limit rates of growth or delay development to the next stage directly include unsuitable humidity (e.g. Smith, 1993) , crowding (e.g. Kotaki et al., 1993; Apple baum & Heifetz, 1999) or large numbers of parasites per host (e.g. Collins & Grafius, 1986) , isolation in species that grow better in groups (Holbrook & Schal, 1998) , and infection by pathogens such as viruses and microsporidans (e.g. Cranford, 1972; Wilson, 1980; Bauer & Nordin, 1988) . Depending on the availability of adult food, adults of the medfly Ceratitis capitata (Wiede mann) may be in "waiting" or "reproductive" modes that strongly influence longevity (Carey et al., 1998) . Careful attention to all of the conditions of rearing therefore is required for studies on stage duration (see also Labora tory rearing).
Some species require specific stimuli to complete a stage. For example, egg hatch in mosquitoes from snow melt pools is stimulated by lowered oxygen concentration in the water surrounding the eggs (Wood et al., 1979) , reflecting the presence of bacteria on which the larvae feed. Adult emergence of the taeniopterygid stonefly Oemopteryx fosketti (Ricker) from the final larval instar is delayed until ice break-up (Dosdall & Lehmkuhl, 1979) .
In addition to direct effects, many species have pro nounced or subtle intrinsic or environmentally modified responses. The many components of these programmed responses alter developmental rates or lead to pronounced developmental delays, as summarized by Danks (1987, e.g . Fig. 35 ). For example, some butterflies tune the rate of development according to whether time before the end of the season is surplus or in short supply (Nylin, 1996) . The responses depend on cues monitored in current or earlier life-cycle stages, even including the previous gen eration, cues that can include photoperiod, light intensity, temperature level, thermoperiod, food, moisture or humidity, and density (Danks, 1987 (Danks, , 1994 Table 2 ).
The duration of the life cycle or its substages therefore can change markedly in response to many factors, and can be influenced over long periods. Delays and other dif ferences can stem too from genetic polymorphisms and strain differences (see Status of material, below) as well as from the actual conditions experienced. Consequently, studies of life-cycle duration should be established in as wide a biological context as possible.
INTEGRATING INFORMATION
Many individual studies are aimed at integrating infor mation on development. How this integration is carried out affects both current conclusions and the usefulness of the results for later comparison and synthesis by others. There are three major approaches to integrating informa tion about the duration of development. First, absolute and relative durations of the stages can be examined. Sec ond, requirements for development, for example of tem perature, can be summarized. Third, the data can be sub jected to demographic analysis. All of these approaches require that the original data on life-cycle intervals are precise and consistent.
Relative durations of substages. The relative dura tions of different life-cycle stages show more or less con sistent taxonomic patterns. Detailed analysis is beyond the scope of this paper, but some characteristic durations are well known. For example, most adult Coleoptera are relatively long lived (Danks, 1992) , unlike adults of such groups as mayflies (Clifford, 1982) and gall midges (Sunose, 1985) . The preoviposition period is very short in small parasitic Hymenoptera (Cronin & Strong, 1990 for a mymarid; Yu et al., 1984 for a trichogrammatid), but prolonged in many long-lived beetles, as might be expected, as well as in some other taxa (Tauber et al., 1992 for a lacewing), especially at low temperatures (Arbogast, 1984 for an anthocorid). The pupal period is relatively long in some Diptera (Quiring & McNeil, 1985 for an agromyzid). The rate of oviposition is determined partly by phylogenetic placement (subfamily) in mites (Zhang, 1995) . In addition to these taxonomic patterns during continuous development, the stages of life-cycle delays such as diapause often are characteristic of particulartaxa (Danks, 1987, Table 9 ).
Departure from such taxonomic patterns may indicate adaptations of groups or species that accord with their ecological relationships. The most extreme adaptations involve elimination of stages (as in summer viviparous generations of aphids which reproduce rapidly on ephem eral host plants). Voltinism and rate of development typi cally are related to habitat. For example, relatively rapid immature development is characteristic of many species from dung and carrion, decaying vegetation and fungi (e.g. OConnor, 1994) and temporary pools and streams (e.g. Wiggins et al., 1980; Delucci & Peckarsky, 1989) . Prolonged adult life in some species is correlated with cool or unpredictable habitats (e.g. Sota, 1994; Topp, 1994) . Detailed information about the biology under field conditions of any species under study therefore is very helpful to interpret durations of development under labo ratory conditions. Detecting delays. Some life-cycle delays are very obvi ous. For example, some individuals enter diapause and will not resume development for many months whatever the conditions whereas their siblings develop directly and emerge within a few weeks. In other species, the duration of development appears to vary continuously over a long interval. In some instances the variation indeed is con tinuous (although its extent may nevertheless be an adap tive feature and notjust the result of variation in microsite conditions). In other species, however, slower but not more rapid individuals have a programmed delay. Such a situation often can be detected by appropriate data analy sis. Nishizuka et al. (1998) transformed cumulative per centages of the frequency of a given duration of develop ment into probits. "Diapause" and "non-diapause" groups could then be distinguished because lines through the sets of points had different slopes.
Interstage correlations. Within a species, the duration of one stage may be correlated with that of another, based on the common direct effect of temperature on metabo lism, on resource availability, or on other factors.
Generally, all substages last longer at lower tempera tures within the normal range, but because different stages have different upper and lower limits their relative durations may change especially near the extremes. For example, egg and pupal development in the scolytid beetle Ips avulsus Eichhoff are shorter at 35°C than at 32°C, but larval development is longer (Wagner et al., 1988) . Moreover, differences in temperature limits among stages would be expected in species in which the stages have different natural habitats. For example, eggs laid in soil experience very different conditions than surface or leaf-feeding larvae. Stage differences suggest that great care is necessary when laboratory conditions are selected as "standard" for work on a particular species, and in the analysis of data for conditions outside the central or optimum range of each stage.
Factors other than temperature can change relative stage durations. For example, at higher humidities the preoviposition period of the tick Anocentor nitens (Neu mann) is reduced, but the oviposition period extended (Silva et al., 1997) . Short-term delays (see above) also alter relative stage durations.
Adjustments of life-cycle duration by means of dia pause in a particular stage may be correlated with other developmental parameters. Typically, larvae destined to diapause develop more slowly than those developing directly (Danks, 1987, pp. 207-208 and Table 34 ). Dif ferent data for the two "kinds" of individuals may then be inadvertently grouped. Individuals of many species that enter diapause later tend to have a shorter or less intense diapause, so that all individuals end diapause at about the same time (review by Danks, 1987, p. 135) . Adult Ptinus beetles that come from larvae that have been in diapause spend less time in the cocoon after eclosion than do adults originating from larvae not in diapause (Howe, 1962) . Such responses alter the relative duration of different stages.
The experience of diapause alters subsequent develop mental or reproductive parameters in some species (review by Danks, 1987, pp. 39-40) . Postdiapause adults of the satyrid butterfly Mycalesis perseus (F.) have shorter oviposition periods and reduced fecundity com pared to non-diapause (wet-season) individuals (Braby & Jones, 1995) . Species may be affected by conditions over the long term even in the absence of diapause. Maternal and paternal as well as developmental temperatures have different effects on some traits in Drosophila, so that con ditions have to be standardized for at least two genera tions before experiments are conducted (Crill et al., 1996) .
Resources are acquired during the life cycle of many species for eventual use in reproduction. In species with non-feeding adults that acquire all reproductive resources in the larval stage, the preoviposition period typically is short, as in mayflies, typical lymantriid and other moths with wingless females, and the pitcher-plant mosquito Wyeomyia smithii (Coquillet) (Moeur & Istock, 1980; Bradshaw & Holzapfel, 1992) . In the same way, larval developmental time (i.e. the duration of resource acquisi tion) in populations of the mosquito Aedes togoi (Theo bald) is correlated with the presence of autogeny, which greatly shortens the preoviposition period because blood feeding is not necessary before egg development (Sota & Mogi, 1995) . In many species, larvae that develop more slowly, as at lower temperatures, reach a greater size (reviews by Danks, 1987 Danks, , pp. 213-214, 1994 and are more fecund. Even though adult reproduction is delayed, and in seasonal environments it often will be anyway whether larvae develop faster or slower, more eggs are deposited by these larger individuals. Conversely, rapid development may reduce mortality from natural enemies in less protected microhabitats (e.g. Cornell, 1990 for leaf miners versus gall formers). Imma ture developmental rate therefore interacts in a complex way with demographic parameters such as the rate of increase, and even within a species interstage correlations depend especially on trade-offs between growth rate and the timing ofreproduction (e.g. Stam et al., 1996) .
Serial correlation in the duration of life-cycle stages also has been shown by selection experiments. For exam ple, lines selected for longer larval development in the tephritid fly Bactrocera cucurbitae (Coquillet) initiated mating later (Miyatake, 1997; Miyatake & Shimizu, 1999) ; but not all selections for developmental rate pro duce correlated effects (Rodruigez-Saona & Miller, 1995) .
Relationships to temperature. Developmental rates change according to temperature, food and other condi tions. Information on these differences or requirements has most often been integrated through the analysis of temperature sums (day-degrees) and thresholds for devel opment. As might be expected, several general relation ships are evident. For example, the lower developmental threshold generally increases with increasing temperature sum (Honek & Kocourek, 1990; Honek, 1996a) . Thresh olds and day-degree requirements depend on the group, and hence on evolutionary history (cf. Pritchard et al., 1996) , as well as on the features of the natural habitat of a given species. Thus stoneflies are a cold-adapted group, and those dwelling in cold streams have developmental thresholds below 5°C (Mutch & Pritchard, 1986; 0kland, 1991) .
Temperature requirements can be modelled using a number of mathematical descriptions. Relevant theory has been reviewed many times (e.g. Wigglesworth, 1972; Laudien, 1973; Marshakov, 1984; Wagner et al., 1984a; Danks, 1987) , and a variety of models for development continue to be presented (e.g. Logan et al., 1976; Sharpe & DeMichele, 1977; Taylor, 1981; Regniere, 1982 Regniere, , 1984 Hilbert & Logan, 1983; Wagner et al., 1984b Wagner et al., , 1985 Hil bert, 1995; Lactin et al., 1995) . The relationship of devel opmental time and temperature is complex: different developmental stages have different developmental parameters (Lamb et al., 1984) , and many factors interact. Therefore, the effect of food and humidity on develop mental rate may be different at different temperatures, and most visible near the optimum temperature (Lamb & Loschiavo, 1981; Hagstrum & Milliken, 1988) .
One of the earliest models, still commonly used, relies on the fact that over the central portion of the typically more or less sigmoid developmental rate curve (Davidson, 1944 ) the rate of development is related line arly to temperature. Then:
where D = developmental period; T = temperature; To = thermal constant threshold (the theoretical lower threshold of development); K = thermal constant (time by temperature requirements above the threshold to complete development). Alternatively:
where V = rate of development (1/D); a (=1/K) and b (= -To/K) are constants. The constant, K, is the thermal constant or temperature sum (time x temperature above the threshold) required to complete development. Extrapolating the rate, V, to 0 gives a "threshold" for development, To. However, because the rates of development are very sensitive to temperature and useful models depend on accurate obser vations, modelling will be in vain unless experiments are rigorously designed to control for or optimize strain, sample size and replication, chosen temperature intervals, calibration of experimental chambers, actual conditions experienced (as modified by local effects or insect behav iour), frequency of observation, and patterns of mortality (see Difficulties with available data, below).
Most models including equations (1) and (2) describe sections outside the central portion (i.e. near the develop mental zero and at high temperatures) less effectively. Comparisons of some models are provided by Lamb et al. (1984) , Wagner et al. (1984b) and Briere & Pracros (1998) . Thermoperiods or other daily fluctuations in tem perature create great difficulties for most mathematical descriptions, because the effects of temperature are not simply linear or additive. Differences between instars in the lower limit for development may confound attempts to model or predict development as a whole (e.g. Manel & Debouzie, 1997) .
The "developmental threshold" can be estimated in sev eral ways, but it is not normally an absolute temperature because very slow development may continue even below the estimated value. For example, T0 derived from equa tion (1)isat about 8% (not 0%) of the maximum develop mental rate according to the non-linear model of Lamb (1992) . Choice of a descriptor such as To therefore depends on its intended purpose. In particular, the diffi culties of modelling close to the threshold advise strongly against extrapolating beyond the range of temperature over which the data were collected in the first place (Liu et al., 1995) . In many species, lower temperature limits increase through successive stages, so that temperature requirements for later stages such as adult eclosion are higher than for earlier ones such as larval growth. Exam ples include increasing lower limits for egg development, larval development and adult maturation (Musolin & Saulich, 1995) , early larval and late larval instars (Lutz, 1974) , larval growth and pupation (Rühm, 1970) , and larval development, pupation, and adult emergence (Danks & Oliver, 1972) . Such trends complicate the mod elling of whole life cycles.
All models are simply mathematical descriptions of empirical data (although some have claimed a more direct theoretical relationship to metabolic rate, such as enzyme kinetics). Therefore, many different models that describe the data within acceptable limits can be generated (e.g. Lamb et al., 1984) . Consequently, highly transformed data applicable to a single model, even the simple one of equations (1) and (2), usually are less useful in the long run, that is for purposes other than deriving a particular model under discussion, than the original data on sub stage durations. As a result, much of the analysis and modelling of developmental rates that has been published recently is unusable for the comparison oflife cycles.
Demographic analysis. Demographic analysis inte grates information on life-cycle duration by generating key statistics from idealized mathematical patterns describing trends in population numbers. Some com monly used statistics (rm, R0) emphasize the change of numbers with time; others (G, T) express temporal aspects -the element of most interest here -directly. All statistics focus especially on the numbers of female offspring and the time at which they are produced by adults of the previous generation (see, for example, Birch, 1948; references in Whittaker & Goodman, 1979; Hulting et al., 1990; Carey, 1993; Sabelis & Janssen, 1994) . Cal culations typically are made easier by using approximate rather than exact formulae. rm (or r), the intrinsic capacity for increase, is the con stant by which numbers increase during a period of expo nential growth (and hence with stable age distribution), when increases are entirely unconstrained by environ mental or density-dependent limitations. Hence:
where N = number of individuals in the population; t = time. A more exact calculation, summing the production of females across all age intervals when oviposition occurs, is provided by Sabelis & Janssen (1994) .
Ro, the net reproductive rate, is the number of daughters in one generation divided by the number in the previous generation:
where lx is the number of individuals surviving at the beginning of age interval x; mx is the age-specific fertility ("fecundity"). G, the generation time, sums the age-specific fertility as a function of the reproductive rate, which can be approxi mated (Dublin & Lotka, 1925) as:
T is the age of peak oviposition (and hence an approxima tion of the generation time), and therefore is sometimes used too for generation time.
Such equations instead can be written in exponent form, for example: Ro = erm Ĝ logeR0 or G = -rmBecause developmental rate (when do females emerge and start ovipositing?) is much more important to rm than the oviposition rate, demographic analysis usually accen tuates the start of oviposition, using the mean interval to first oviposition. Alternatively, it focusses on the peak of oviposition, a relatively short interval early in the oviposi tion period when daily egg production is at a maximum (see Sabelis & Janssen, 1994) . Conversely, eggs depos ited later than 2G after emergence do not contribute sig nificantly to rm (Abou-Setta & Childers, 1991) , and hence rm can be estimated from information at G and 2G.
Demographic conclusions therefore depend partly on the nature of the life-cycle data that are collected (e.g. Draye & Lints, 1996) as well as on the choice of a fitness measure (e.g. Danthanarayana et al., 1995) . Consideration of life cycles from this demographic perspective (e.g. Roff, 1992; Stearns, 1992) has tended to focus on popula tion aspects by elaborating models from a small number of demographic measures, usually without the empirical data to fully test them and with a more limited considera tion of the detailed biology of the organisms. The preoc cupation of demographic analysis with rm (which actually is seldom realized in the field for very long), and its focus on the importance of early individuals, contrasts with the more general question asked by many entomologists as to when individuals of a particular generation are present in a given stage and what is the average duration of develop ment. Those more general questions usually are best (6) (V) answered by central (e.g. mean, 50%) rather than firstoccurrence statistics, even though the latter are useful for the timing of insect control procedures in some instances (see also the discussion above under Temporal patterns).
In particular, as already pointed out for models of developmental rate, results expressed only as derived demographic statistics are unusable for the wider assess ment of life-cycle duration. Presenting less derived data at the same time would retain helpful information that has been discovered about the biology of the organism. Such different demographic and general perspectives also influence the view of what constitutes optimum condi tions for development.
DIFFICULTIES WITH AVAILABLE DATA
Many of the available data on life-cycle durations are inadequate for wider analysis. Such deficiencies stem from a wide range of difficulties in identifying and main taining living material, and in experimental design and data analysis, as summarized in Table 1 . Many of these cautions are applicable to scientific work of all kinds.
Status of material. The taxonomic status of the mate rial must be properly known. Sometimes sibling species, with potentially different rates of development, have been confused under a single name. Wilkinson (1981) reported that whenever he had been called upon to assist physiolo gists unable to repeat earlier experiments, he found that either their animals or the original animals had been iden tified incorrectly. Voucher specimens for the experiments should therefore be kept. Even when the species is known, different strains may have particular thresholds and rates of development, which have been selected for in different geographical populations (Danks, 1987, p. 58; Honek, 1996b; Ishihara, 1998) .
Different forms of one species commonly show dif ferent responses, caused directly or by different reactions to environmental cues. For example, the morphs, colour forms, and even clones of aphids develop at different rates (Araya et al., 1996) . Such clonal differences may lead to erroneous conclusions that there are geographical or population differences (Lamb et al., 1987) . The preoviposition period differs between individuals with different dispersal capabilities (some examples are given above under Adult stage; see also Spence, 1989 and Socha & Sula, 1998 for macropterous and brachypterous morphs of some heteropterans).
Durations of the substages of development can also change through inadvertent selection during laboratory rearing over a number of generations, producing a "labo ratory strain". The incidence of diapause can be modified in most species (Danks, 1987, Table 30 ), but so too can intervals such as the duration of development (e.g. shorter in laboratory populations of the dermestid beetle Attagenus elongatulus Casey: Barak & Burkholder, 1977) and the preoviposition period (e.g. shorter in a laboratory population of the tephritid fly Anastrepha suspensa (Loew): Kamasaki et al., 1970) . Howe (1967) believed that some laboratory stocks were mixtures of more than one strain. Some cultures are maintained by selecting 
Analysis of results

Data presentation
Results are only partially given; inappropriate groupings of data conceal responses; central measures are emphasized, and meaningful variations or polymorphism disregarded as "noise"; only derived summary statistics are given Summary statistics Choice of statistics is poor or too limited; derivation of the statistics given is not precisely specified; variation is not adequately characterized Assumptions
Temperature cannot be averaged arithmetically; many mathematical models contain sim plifying assumptions that limit their usefulness Context Further biological information that would be helpful to interpret the results is not given Conclusions Summary statements or statistics are too complex to understand; summaries emphasize only one aspect and are too simple; conclusions from data for one species are applied incorrectly to others; comparisons do not take account of differences among stages or conditions adults from the early part of the emergence period or at a particular time of the week, to reduce labour or to accord with work schedules. Such procedures are likely to alter developmental and demographic parameters (cf. Bryant & Reed, 1999) . The rate of development in laboratory colo nies can also be slowed by infection by sublethal patho gens (see Delays), as well as by the more visible attacks of nematodes and insect parasitoids. Treatments received by the laboratory material before the actual experiment begins can influence the results. Apart from the life-cycle programming associated with diapause, such as delayed development in response to photoperiod, even the conditions in normal larval cultures may influence features of the oviposition period if they have not been carefully planned or controlled in the con text of an experiment on adults. For example, even in standard mass cultures, crowding, number of instars or other factors potentially influencing size or stored food, and hence fecundity, vary from time to time or from one individual to the next. Previous conditioning, such as acclimation to particular temperatures, can alter responses. Of course, stresses of various kinds, such as cold shocks, are likely to reduce subsequent develop mental or reproductive rates or longevity (Abukashim & Luff, 1997; McDonaldetal., 1997) .
Laboratory rearing. Because most aspects of field environments cannot be controlled or even measured, accurate data on substage durations relies on laboratory rearing. However, rearing or maintaining some species of living animals is difficult, because not all of their par ticular needs can be met precisely. An experimental vari able such as temperature may then have been carefully controlled, but other less obvious variables were not, influencing rates of development. Such variables include especially food quality but also photoperiod, humidity, and degree of crowding [Cheke, 1995 for the noctuid moth Spodoptera exempta (Walker)]. Some species of parasitoids take longer to develop in larger than in smaller hosts (Jonasson et al., 1995 for Aleochara spp.). Many laboratory cultures rely on artificial diets, usually designed to provide optimal nutritional requirements, but they may alter developmental rate, longevity and fecun dity relative to normal field or other conditions (see Delays and programmes, above, for additional informa tion on conditions that limit growth).
Development stops in some or all of the experimental animals if conditions induce diapause, and delays also result from the absence of specific requirements other than food, such as pupation or pupariation sites that are of suitable shape or moisture content, substrates for the con struction of pupal chambers, or materials for incorpora tion into cocoons.
Requirements for mating are exacting in many species, and delayed mating normally lengthens the preoviposition period or changes the later pattern of oviposition [Leather et al., 1985 for the noctuid moth Panolis flammea (D. & S.)]. Lack ofmating may decrease longevity (Kazimirova, 1996 for the noctuid moth Mamestra brassicae L.), or increase longevity but decrease fecundity, for example [Vickers, 1997 for the tortricid moth Cydia pomonella (L.)]. Multiple matings enhance fecundity in the pyralid moth Ostrinia nubilalis (Hübner) (Fadamiro & Baker, 1999) . The longevity and oviposition period of the blow fly Chrysomya albiceps (Wiedemann) depends on the sex ratio in culture cages (Queiroz et al., 1996) . Cage size and date of emergence influence longevity in the agromyzid fly Liriomyza trifolii (Burgess) (Heinz, 1996) . Moisture content in the oviposition medium (sawdust) for the chafer Anomala cuprea (Hope) affects preoviposition and oviposition periods, fecundity and longevity (Bhuiyan & Nishigaki, 1997) . Sperm depletion (which depends on mating history) influences oviposition patterns in the alydid bug Riptortus clavatus Thunberg (Sakurai, 1998) . However, some species can partly compensate for early delays: longevity and fertility (but not fecundity) of the pyralid moth Eoruma loftini (Dyar) is hardly affected by delays in mating of up to 5 days (Spurgeon et al., 1997) .
Adult food supplies greatly modify longevity, as well as the rates and patterns of oviposition, in species that rely on adult feeding for flight energy or egg development. For example, longevity and whether or not oviposition takes place depends on the availability of water, plants and prey in the pentatomid bug Podisus maculiventris (Say) (Valicente & O'Neil, 1995) . Measures of adult lon gevity or patterns of oviposition therefore are not infor mative if the conditions used unusually abbreviate or prolong adult life. Sugar meals are required for flight energy (and normal longevity) by many adults (e.g. Waldbauer et al., 1980) . Culexpipiens L. mosquitoes sur vived up to 3 weeks unfed, 6 weeks on sugar solution, and 14 weeks on sugar and blood (Almiron & Brewer, 1996) . Many moths and flies survive only a short time in dry conditions without sugar meals. Conversely, parasi toids such as ichneumonids and tachinids that are kept in relatively dully lighted environments or deprived of hosts will live a very long time without ovipositing at normal rates (Danks, 1975; pers. obs.) . Because each species is different, ensuring that results are not influenced by more subtle effects requires detailed knowledge of adult requirements for the particular species. This knowledge can be acquired chiefly through simple but well organized preliminary experiments to evaluate responses to a range of general rearing conditions of light, temperature, humidity, available space and crowding, protein and car bohydrate foods, water and mating. Reduced fecundity or longevity compared with other regimens signals an inade quate condition. Several sets of published data on lon gevity of the same species at the same temperature diverge widely from one another because other conditions important to the wellbeing of adults were not controlled.
Experimental design. Even the most basic experi mental procedures have to be carefully thought out, because even the handling required to make observations can alter developmental rates, as in larvae of the blow fly Phoenicia pallescens (Shannon) (Ash & Greenberg, 1975) .
Adequate numbers of individuals are required for each treatment to reduce the effect of random deviations. For example, one individual taking an extra few days in a sample of eight changes the mean by half a day; the same individual in a sample of 100 (a suitable number for experimental treatments) changes the mean by a negli gible amount. Knowing the approximate mean duration for a stage (derived from preliminary experiments or pub lished data) allows a target standard deviation to be esti mated from the regression calculated by Schaffer (1983) [SD = 0.209x], which in turn can be used to indicate a suitable sample size (see Schaffer, 1983) . Correspond ingly, data can only be evaluated if sample sizes and stan dard deviations are published, as emphasized under Analysis of results, below.
Adequate replication of experimental treatments allows statistical analysis. The individuals in one container are not generally suitable as "replicates", because they do not allow the variance of subsamples (i.e. multiple sets of an adequate number of individuals) to be compared. Simi larly, multiple treatments are desirable, because more extensive data disqualify incorrect theories.
Comparisons among species rely on consistent defini tions and reporting of the stages being measured (recom mendations are summarized in the conclusions). Dif ficulties arise especially from arbitrary definitions of such periods as "peak oviposition" (e.g. the day on which the most eggs are laid, or the interval of highest egg produc tion) and from data provided only on combined stages. Although only combined data can be collected for some species (see Hidden stages), combinations (e.g. egg plus larva) not only obscure stage relationships, but also have caused data for different intervals to be given the same label. For example, resting stages may or may not be included with the preceding instars. Data for the prepupal stage may be given separately from the larval stage, com bined with it, or even combined with the pupal stage. The teneral period spent in the cocoon by some Coleoptera and Hymenoptera is given separately by some authors. It has also been included with the pupal period, or with the adult period, and some authors have not recorded which of these alternatives (based on eclosion or on emergence) was used. Different intervals in immature development have been given the same name by some authors. Imprecise terms such as "egg to adult" should either be avoided or clearly defined. For example, this term has been used to mean oviposition to adult eclosion and oviposition to emer gence, as well as egg hatch to adult eclosion or emer gence.
Much published work is restricted to one or a few stages (e.g. immature development only, larval develop ment only, or adult longevity and fecundity only).
Because it is very difficult to ensure that the strains and conditions are identical for different experiments, work on only part of the life-cycle often cannot be extrapolated successfully to the life cycle as a whole.
For most purposes, the conditions chosen for experi ments on life-cycle duration should lie near the middle of the suitable range, because effects at the extremes (unless these are the object of the study) give misleading infor mation about developmental rates, and also may be ecol ogically irrelevant. The most useful data for subsequent general analyses cover a range of appropriate conditions that are more or less evenly spaced. Howe (1967) recom mended using 10 temperatures not more than 2.5 Centi grade degrees apart, and he also called for additional intervals of 0.5 or 1 degree for 3 degrees either side of the optimum and of the limits. Relatively few studies have adopted even the 2.5 or 3 degree C interval thought by Howe (1967) and Liu et al. (1995) to be appropriate. [Pruess (1983) recommended the adoption of 5°C, 10°C and 15°C as standard thresholds for calculating tempera ture sums.] Adopting standard conditions of 20°C and 25°C (in addition to any other particular conditions used) would be especially valuable for comparing life-cycle duration. Comparison is easier when temperatures are in whole Celsius degrees, not conversions from the Fahren heit equipment still often used in the United States.
The details of experimental procedures must be estab lished and followed with care. For example, it is neces sary to ensure that temperature settings are exact by checking and recalibrating experimental chambers regu larly, independent of built-in thermometers or controllers. Moreover, deviation in readily available equipment com monly is ±1°C, a range that is too wide for some purposes. Hygrothermographs are especially useful for continuously monitoring temperature and humidity in each chamber, to ensure that the mean temperature is accurate and to verify the deviation allowed by the con troller. However, such monitoring devices must be in the location of the insects and so within the container housing them. Chamber lights can cause local heating, for exam ple; glass vessels can damp variations in incubator tem perature by up to 2°C (Howe, 1967) . Insects also modify the temperatures they experience. For example, body ori entation by grasshoppers elevates their temperature even in the laboratory (Lactin & Johnson, 1996a, b) . Such behaviours in the field can increase the day-degrees avail able to an insect many fold, as modelled by Bryant et al. (1998) .
Especially in stages or species that develop rapidly at higher temperatures, such as some eggs, and some mites, aphids and flies, daily recording of stages is too infre quent to generate accurate data. Monitoring hourly or still more frequently may even be necessary (e.g. Ryan, 1962; Lykouressis, 1985; Greenberg & Tantawi, 1993) . Indeed, the observation interval should be adjusted to the devel opmental interval to avoid imprecise data and inequalities of variance among treatments. Schaffer (1983) pointed out that many published data for insect eggs have SD = 0 because all eggs hatched during a single period of obser vation! He noted that a suitable interval for observation is less than one standard deviation. (Such an interval would provide at least 6 observations across the total duration.)
Many studies of immature development initiate experi ments with eggs from a short period of oviposition by confined adults taken from a stock culture. Such adults are of variable or unknown age, and in some species the quality of offspring varies with the age of the mother.
Analysis of results. Normally, data are best presented as completely and in as untransformed a manner as pos sible for the particular objective, because such general results can be used for many wider purposes. Both total and substage duration should be summarized (see Total and component intervals). Wider use of results is compro mised if only highly derived measures or graphical sum maries, such as demographic indexes or small-scale plots of oviposition over time, are presented. Unless core data are also given, measures such as biomass doubling time, percentage development per day, and percent length per day -used by some authors -are also difficult to inter pret. The differences among individuals in a given treatment are of both biological and statistical interest, and can be expressed in well known ways such as the range and the standard deviation. Care is required when data are not normally distributed. Deviations from normality can of course be produced by sample sizes that are too small as well as from non-normality of the underlying distribution. Comparisons among different treatments (e.g. fluctuating vs. constant temperatures) require statistical tests such as analysis of variance to determine whether differences among the treatment means are significant. Such analyses for data that are not normally distributed first require transformations to normalize the data and homogenize the variance. Examining the statistical distribution of the untransformed data therefore is a very helpful way to decide how to present summary data and measures of variation.
Care must be taken to specify the numbers of indi viduals and error terms for each data point. For example, if mortality occurs during a stage, the number of survi vors on which the mean duration is based, and notjust the standard starting number for each experimental treatment, must be given (Schaffer, 1983) . Statistical tests can also illuminate certain biological claims. For example, the greater variance of developmental time at low tempera tures, when the mean duration of development is very long, may reflect simply the statistical correlation between mean and variance (e.g. Lamb & Loschiavo, 1981; Schaffer, 1983) rather than the disturbance of development in marginal conditions or any other biologi cally significant possibility.
In summary, a confirmation of normality, and the sample size and estimate(s) of experimental error for each data point should be explained in the methods and made available forreference (cf. Eisenhart, 1968) .
The grouping of data to assist analysis may obscure information of interest. Sexual differences have already been noted. When the duration of a stage forms a con tinuum from "normal" to "delayed" development, typi cally it would be separated more or less arbitrarily into two discrete categories for analysis. Grouping of data may obscure patterns of variation, and also results that do not belong to a well defined group or that are unusual may be explained away or even discarded. For example, extreme variants are often discounted as experimental noise or concealed in heterogenous groupings ("longer than..."), despite their potential adaptive value in pro viding insurance against unpredictable natural conditions (Danks, 1983b) .
Statistics used to summarize results may be too nar rowly focussed, or diverge unnecessarily from more stan dard forms of presentation. Some of the derived statistics for demography and development, especially those based on mathematical models, rely on assumptions or approxi mations that are not necessarily valid. As already noted, actual durations should be given as well as the measures such as To, K, rm and Ro derived from them. Such brief tabulations take little extra space.
One great difficulty in summarizing whole life cycles stems from the need to estimate conditions in which Table 4 . Recommended numerical and statistical information about the duration of life-cycle stages to be reported in addition to any derived statistics or graphical summaries required for particular purposes.
Recommended measures
Stages to be applied to; other measures Fig. 3 [characterizing the distribution of oviposition with 0, 10, 50, 90 and 100% markers is usually preferable to dates o f"maximum oviposi tion" based on peak day (susceptible to experimental noise) or peak period (potentially subjective)]
Variation
Adequate characterization (normality, sample size, and error term as a minimum)
All treatments
Changes in quality of individuals (e.g. sex ratio)
All affected durations growth or development, or some measure of reproductive potential, is optimal. The "best" temperature among a small number of divergent temperatures may be obvious, because all of the relevant measures, such as biomass (dry weight), growth rate of every stage, survival and fecun dity are maximized at one of the temperatures. Commonly, however, some parameters (such as offspring quality and rate of oviposition) change through the meas ured interval, and in particular different temperatures affect the parameters differently. Indeed, because trade offs between the duration of development and size, size and survival, size and fecundity, fecundity and longevity, and so on occur in most species (Danks, 1994) , the effect of changes on demographic parameters such as the rate of increase is not simple.
For example, development at all stages of the gelechiid moth Pectinophora gossypiella (Saunders) is faster at 32°C than at 26°C, but survival and fecundity are much greater at the lower temperature (Raina et al., 1977) . Similar differences between the temperature at which sur vival and development is greatest occur in many species [e.g. Guppy & Harcourt, 1978 for the chrysomelid beetle Oulema melanopus (L.)]; reproductive rate is higher for those that survive at the higher temperature, but not nec essarily for the population as a whole. Analysis for the pteromalid parasitoid Catolaccus granáis (Burks) (Morales-Ramos et al., 1996) showed that development was shortest at 30°C (67% R.H.), fecundity was greatest at 26°C (68% R.H.), Ro at 27°C (63% R.H.) and rm at 29°C (66% R.H.). In other words, the response of the various measures of duration and success to different con ditions is not concordant, and each of them has a different effect on demographic estimators of fitness. Therefore, any single set of conditions may well be "optimal" for only a single stage of development. In any event, pro viding full details of several "fitness" measures under several conditions will support attempts to refine our cur rent preliminary definition of the optimum.
As a result of these complexities, especially differences among different species in the number of visible stages and other aspects of biology, and even different responses by a single species during different parts of the life cycle, conclusions and comparisons may be unintelligible, mis leading, or overgeneralized. Many of these problems can be overcome, and data made more widely available, by ensuring that experiments are carefully planned from a broad perspective, and that data and statistics are pre sented as clearly and simply as possible.
CONCLUSIONS
Many factors influence the duration of insect life cycles. Understanding them requires detailed knowledge of the biology of individual species, despite a current ten dency toward summary and modelling in a narrow con text. By the same token, developmental responses are complex, so that consistent presentation of several descriptors and statistical measures of life-cycle duration is desirable.
The information reviewed in previous sections has been summarized in the form of three sets of recommendations on how studies should be conducted and published infor mation should be standardized whenever possible. Table  2 recommends the background information that should be included in papers on life-cycle duration to provide the proper context for interpreting and using the results. Table 3 recommends consistent terminology and choice of intervals for measuring and reporting durations. Table  4 recommends the ways in which numerical information should be reported. I hope that these checklists, together with the detailed cautions about methodology given in Table 1 , will serve as a reminder of the great complexity of insect life cycles and responses, and will help to ensure that results are valid, and that published data are more broadly useful for analyzing the developmental rates and routes that are the basis oflife-cycle adaptation.
